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LIST OF SYMBOLS 

Symbols are defined i n  terms of SI Units with equivalent  U.S. 

Customary hits  given pa ren the t i ca l ly  where appropriate. 

drag coef f i c i e n t  

parameter in the  %(%> function, Equation (B-2) 
CD 
0, 

l i f t  coe f f i c i en t  
"L 

cL 
generalized aerodynamic moment coe f f i c i en t  about X, Y, 

lbPent  
qsg 

2 vehic le  reference axes, respectively,  
CQ ,cm,cn I 

(body axes moment c o e f f i c i e n t s  

(generalized aerodynamic force coe f f i c i en t s  along 1, Y, 

cX * cp  , cz 

- 
C 

D 

f t z  

Force 2 vehicle reference axes, respectively,  - 
PS 

(body axes force c. e f f i c i e n t s  

reference chord, m 

aerodynamic drag, N 

forces  along X, 2 veh ic l e  reference axes, 
respect ively,  N 

components of t h r u s t  (propulsion) along X, Y, Z 
vehic le  reference axes, respect ively,  N 

force vector,  where 

acce lera t ion  due t o  gravi ty ,  m/sec 

= F i + F y i  + F& x- 
2 

a l t i t u d e ,  m (h = -2) 

moments of i n e r t i a  about X, Y, 2 vehic le  reference 
axes, respec t ive ly ,  k g - d  

-$xz dm, kg-m 2 
xz product of i n e r t i a ,  I 
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e 

V 

w 
X , Y J  

unit vectors  of orthogonal coordlnate system 

aerodynamic l i f t ,  N 

1 characteris t i c  length,  m 

aerod-c ronents about X, Y, Z wehicle reference 
axes, respectiwely,  19-9 

instantaneous mass of trehiclgi kg 

coaponents of angular welocity about I(., P, 2 vehicle 

free-stream dynamic pressure,  N/a 

vehicle  reference area, m 

t o t a l  vehicle  t h r u s t ,  N 

the ,  sec 

compoaents of vehicle  absolute  (inertial) ve loc i ty  along 
X, Y, 2 vehicle  reference axes, respec t ive ly ,  dsec 

length used in aondlmensionallzing moments, m 

reference axes, respect ively,  t ad /sec  

2 

2 

r e su l t an t  ve loc i ty ,  d e e c  

vehicle  weight, N 

vehicle  reference axes 

right-handed e a r t h  fixed 
sur f  ace 

d is tances  oleasured along 
respect ively,  m 

angle of a t t ack ,  rad 

angle  cC s i d e s l i p ,  rad 

axes with o r i g i n  

Xe, Ye, Ze e a r t h  

transformation matrix f o r  orthogonal axes 

on ea r th ' s  

f ixed axes, 

sys t- 

cont ro l  de f l ec t ions  ( a i l e ron ,  e l eva to r ,  rudder, 
vectored th rus t ,  respec t ive ly) ,  rad 

p i t ch  angle, rad 
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3 atmospheric densi ty ,  kg/m 

r o l l  angle,  cad 

yaw angle,  rad 

w resultant a n w a r  ve loc i ty ,  r ad l r ec  

Subscr ipts  : 

a aerodynamic 

B body axes 

e e a r t h  axes 

g grav i t a t iona l  

i I n e r t  la1 

L l i f t  

mC minimum f o r  cont ro l  

0 values of CL and (+, for a 0 

P 

S 

8 

W 

Nota tlon: 

. 

propulsive 

s t a l l  

s t a b i l i t y  axes 

wind axes 

over t he  symbol i nd ica t e s  the f i r s t  der iva t ive  with 
respect  t o  time 

A perturbat ion quant i ty  

Abbrevia t ione  : 

A Analog 

9FcS Automatic F l igh t  Control System 
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cg canter of g rav l ty  

CPU Central  Processor Unit 

I C s  Initial Conditions 

I / O  Input /Output 

KTAS 

HBC Mean Aerodynamic Chord 

h o t s  True Air Speed, nau t i ca l  miles per hour 

M A  

SAS S t a b i l i t y  Augmentation System 

TVC Thrust Vector Control 

VlSTOL 

National Aeronautics and Space Mdnistratioa 

Vert ical /Short  Take Off and Landing 

Aerodynamic der iva t ives  (referenced t o  a system of wind and body axes 
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I- 

I- 
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up a 2v 

X 
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CHAPTER I 

INTRODUCTION 

Multi-engine a i r c r a f t ,  with engines l a t e r a l l y  separated from t he  

a i r c r a f t  longi tudinal  axis, experience a yawing moment whenever the  en- 

gines are not producing equal amounts of th rus t .  This fs nor- 

mally a l i a b i l i t y ,  the  seve r i ty  of which depends on the: 

t h rus t  asymmetry involved; (2) Distance the  engines are located from the 

a i r c r a f t  cen ter l ine ;  (3) Direct ion of engine ro t a t ion  f o r  propel lor  

driven a i r c r a f t ;  (4) Phase(s) of f l i g h t  involved; (5) Airc ra f t  config- 

urat ion,  including asyrmwtrical fue l ,  weapons, or cargo loads as well 

a s  the  pos i t ion  of f laps ,  slats, landing gear ,  e t c . ;  (6) Other a i r c r a f t  

cha rac t e r i s t i c s ,  including wing loading, t o t a l  t h r u s t  ava i lab le ,  center 

of gravi ty  loca t ion ,  control  e f fec t iveness ,  accorc:Banying l o s s  of systems 

such as generators,  hydraulic pumps, fue l  pumps, or other  eystems which 

degrade the capabi l i ty  to  properly assess and deal with the  s i t ua t ion ;  

(7) Environment (terrain obstruct ion,  densi ty  a l t i t u d e ,  f i e l d  length,  

and weather); and, f i n a l l y ,  (8) Actions of t he  p i l o t .  

While the  number of var iab les  involved is  l a rge ,  t he  opt ions ava i l -  

(1) Amaunt of 

ab le  for  cor rec t ive  ac t ion  a re  much mre l imited,  and depend pr imari ly  

on the phase of f l i g h t .  Phases of f l i g h t  can be c l a s s i f i e d  as (Ref. 1): 

(1) Nonterminal f l i g h t  phases, and (2) Terminal f l i g h t  phases. 

terminal f l i g h t  phases generally involve operat ions a t  r e l a t i v e l y  high 

airspeed, a l t i t u d e ,  and Lift /7;sg (L/D) r a t i o s ,  and low angle of a t t ack ,  

Non- 

1 
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a, and angle of a ides l ip ,  @. 
metry (due typ ica l ly  to  f a i l u r e  of one or more engines on one s ide  of 

the a i r c r a f t ) ,  rumterminal f l i g h t  phases such as c ru i se  and loiter m- 

qui re  corrective actione tha t  are much less urgent than for thruc t  a p- 

metry duriog terminal f l i g h t  phases. The p i l o t  can even temporari.~ ra- 

duce thrus t  on the  remainiag engine($) to eliminate the th rus t  asymmetry 

without Immediate fear of s tc ik iog  the ea r th  or exceeding critical val- 

ues of a or 0, There is ti- to attempt r e s t a r t s  or take other h d p f u l  

actions without the immediate prospect of Tosing control .  

For the case of a s ign i f i can t  t h rus t  asym- 

Termina l  f l i g h t  phases include takeoff , ca tapul t  takeoff , approach, 

wave-off/go-around, and landing. 

these phases, where the airspeed, L/D r a t io ,  and a l t i t u d e  are relatively. 

low, and a is r e l a t ive ly  high. The correct ive act ions are urgent, and 

co-sis t  of ( in sequence) : 

An engine bss can be critical during 

(1) Select ing f u l l  power on a l l  th ro t t l e s .  

(2)  Ident l fying the dead engine(s) and applying appropriate  f l i g h t  

cont ro ls  : 

(A) 

(B) 

Ruider as necessary :o maintain d i r ec t iona l  control .  

P i tch  control  as necessary to  na in ta in  airspeed 

above the minimum for  d i r ec t iona l  control  (V,) 

which I s  defined as me speed below which the eng- 

ine out yawing momeat can no longer be control led 

(Some b:dc-olip ut11 exist) using the  maximum avail- 

able  rudder def lect ton.  The p i tch  c o a t t d  must a l ro  

keep a below s t a l l ,  and the l i f t  coef f ic ien t  (CL) 
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high enough t o  prevent the a i r c r a f t  from losing ex- 

cessive a l t i t u d e  and s t r ik ing  the ear th ' s  surface. 

Note that the last requirement usually provides a 

serious conflici: g-i-~h the f i r s t  two. 

(C) dileron as necessary to  counter rolling induced by 

the yasiag moment, and to es tab l i sh  b a a  angles nec- 

essary to maintain d i rec t iona l  con:rol 

(3) Making configuration adjustments t o  reduce the asymmetry, re- 

duce drag, reduce gross weight, reduce s tores  aspmetry,  and 

so on. This might include feathering a dead propellor, jet- 

t isoning external fue l  tanks, changing f l ap  settings, -tract- 

ing the landing tear, closing cowl f laps  or speed brakes, or a 

number of other poss ib i l i t i e s  depending on the a i r c r a f t .  

One of the primary reasons why thrust  asymmetry can cause a crit- 

ical  s i tua t ion  during x m i n a l  f l i g h t  phages is because the dynamic 

pres. -e, which var ies  as the square of the airspeed, Is re la t ive ly  low. 

This r e su l t s  in reduced aerodynamic control effectiveness t o  wbnter any 

yawiag moment produced by thruit. asymmetry, since the yawing momeat is 

r e l a t ive ly  independent of dynamic pressure and does not decrease 88 air- 

speed is decreased. 

The use of vectored thrust  to  augment or replace aerodynamic con- 

trols is not 6~ new concept. The German V-2 rocket of World War I1 used 

vaues located In the rocket exhaust to augment the aerodynamic control  

surfaces (Ref. 2). More racently,  the Br i t i sh  EawkerSiddeley "Earricr" 

V/STOL jet w thrust  vectoring, and was placed i n  pr.rdwtion in  1967. 
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Since then, a treaendous amount of material has been published concern- 

1% the use of vectored th rus t  io a i r c r a f t  a d  missiles. Altho- moat 

of the mrk io a i r c r a f t  th rus t  vectoring h a  d e a l t  with vrctor is  in t he  

pitch plane for menewer enhancement or irprop+d V/STOL capab i l i t y ,  t h e  

me of lateral vectoring has not been Qnored (Refa. 3-5). 

The putpow of t h i s  repor t  l a  to 1nvertQat.e the u# of l a t s r a 1 l y  

vectored thrus t  to counter the adverse e f f e c t s  of t h n u t  a o y n e t r y  in a 

twin engine tactical jet, for the caae of stt@e e q i n a  f a i l u r e  dur iag  

terainal f l i g h t  phases. 

?or t h i s r e p o r t ,  the  l inear ized ,  all perturbation equatiuua of 

motion =re used t o  predict  the steady-state cont ro l  de f l ec t ions  re- 

quired fo r  a s ing le  engine fa i lu re .  Then, a8 explained In Appendice8 B 

and C, a f u l l  nonlir,ear s i x  degree-of-freedom simulation tms b u i l t  on a 

hybrid camputer to study t rans ien t  responses. A hybrid computer was 

ueed for three =in reaeone: The analog portion of the hybrid am- 

puter pernits simulation of the  real physical system as it  ac tua l ly  p e r  

forms (as a continuous system ra ther  than d i sc re t e ) ,  and allows quick 

reoleions to the system plant without extensive software modif i ca t ione  . 
The d i g i t a l  portion a l l o w  use of a modern d i g i t a l  cont ro l  ays t e r  Cr 

control the plant. The hybrid computer combines t h e w  c a p a b i l i t i e s  and 

of f a t s  buil t- in analog-to-digitd and digital-to-aoalog e igna l  procesr- 

ing w i t h o u t  havirlg to  in te r face  analog end d i g i t a l  system8 that were not 

spec i f i ca l ly  designed to in te rac t .  ( 2 )  It  could sasi-y locorporate a 

cockpit, with analog d isp lays  and coot ro ls ,  at  some fu tu re  t h e ,  a d  

(1) 
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(3) 

a NASA Langley computer account. 

It offered nearly unlirited availability a d  did mt  require use of 

P i ~ l l y ,  the simulator t-ansient and atterdy-state respoarao Yare 

dried for different flight coaditiona and thrrut -tor- par- 

eters, und the reeults compared to the analytical predictlona. 

U n l i k e  most American buil t ,  propellor d r i v f l  win e-im aircraft, 

in d i c h  the l e f t  caglne Is the "critical eqine," or rrorst w e  .fttut= 

ion for a single epgine failure, jet pOrOared t8ctical fightera do not 

have this liritatioa, and throughout this rtudy only the c u e  of a tight 

engine out w i l l  be studied. 

l y  to a left engine failure. 

A l l  results w i l l  be assured to apply equal- 



EQWTIOt9S OF WITION 

Ihe equations of rotion f o r  t he  aircraft can be derived from 

Newton's Second Law of motion. phis is done in most aeronautical  

engineering textbooks; a thorough treatment is given in Reference 6 .  

The usual assumptions used are: (1) the  a i r c r a f t  Is a r ig id  body; 

(2) the mass of the a i r c r a f t  remains constant f o r  eacb particular 

f l i g h t  condition examined, although the  mass is different from one f l i g b t  

condition t o  another; (3) gyroscopic matents are not considered for 

any engines o r  rotat ing machinery on board the  a i r c r a f t ;  and (4) the 

atmosphere is assumed fixed with respect t o  the earth.  

Under these assumptions the  equations of motlo- can be wri t ten  

In the body axes as: 

C AFX = ID(; + qw - rv) 
c A F ~  = + ru  - pw) 

C AF2 = ID(; + pv - qu) 

c Ak$ = ;Iy + ,,[Ix - Iz] + [P2 - r2]Ig 

6 
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The three kinematic equations involved are: 

8 = q cos e - r sin 4 (2-8) 

Buler angles #, 8, and 4 are deflned In Figure 1; angles a 

and inFigure2. 

The sense of positive control deflections is also given bY Figure 2. 

Note that the convention differs f r m  NASA standard with regard to 

aileron deflection. 

The equations of motion were incorporated In the s i ~ ~ l e * i m  through 

two steps. 

Equations (2-41, (2-5), and (2-6) as: 

First, angular rate equations were rewritten from 

(2-10) 

(2-11) 

(2-12) 

where body axis moments %, %, and % are obtained from the equations: 

(2-13) 
P 



(2-14) 

(2-15) 

where NX npp, and Mz are the  propulsive moments. 
P' P 

Secondly, the  force equations were t ransfor red  from body axes t o  

uind axes, for  two reasons: 

or %; and (2) It  vould be d i f f i c u l t  t o  program on the analog amput- 

e t  the inverse trigonometric functions and square roots needed to solve 

for a and B uheo usiag ve loc i ty  components i n  the body axes. The force  

equations i n  the wind axes are developed in  Appendix A and can be w r i t -  

ten as: 

(1) CL and % were avai lab le ,  aot C, 

FX 
i p e -  W 

m 

W 2( = p s i n  a - r cos a +- mV 

(2- 16) 

(2- 17) 

W (2-18) mV cos 8 i = - ( i ~  cos a + r sin a) tan B + q + 

where , Fu and Fz are defined i n  Appendix A. 
xW W W 

The equations of motion were completed by t h e  expressions for ob- 

t a in ing  the  ve loc i ty  components in the body axes: 

ir = V cos a cos 13 (2-19) 

v * V s i n  0 (2-20) 

w = V sin a cos b (2-21) 
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i rese components were also transformed into ea r th  axes components 

by use of Euler angle transformations and then numerically in tegra ted  

with the  d i g i t a l  computer to obtain d is tances  traveled over the ear th ,  

and a l t i t u d e  changes. A l l  the necessary state var iab les  fo r  the simula- 

t i on  e r e  then ava i lab le ,  and were output t o  the analog s t r i p  chart 

recorders along d t h  the control  var iab les  computed d i g i t a l l y  by the  

Automatic F l igh t  Control System (AFCS) subroutine. 

The numerical values needed to  generate a pa r t i cu la r  so lu t ion  are 

dependent on the f l i g h t  condirion involved Aircraf t  physical  charac- 

teristics a d  aerodynamic s t a b i l i t y  and cont ro l  der iva t ives  obtained 

from NASA are given in  Appendix B. 

s t r a i g h t  and leve l ,  steady state f l i g h t  conditions f o r  dynamic analysis .  

The f l i g h t  conditions are summarized in  Table 1. The r a t i o n a l  for  

se lec t ing  these f l i g h t  conditions is given below. Although the follou- 

ing discussions deal  with non-steady, untrimmed operation, the veloci- 

ties, angles of a t tack ,  and weight c h a r a c t e r i s t i c s  of each were used t o  

specify the trimmed, s t r a igh t  and l eve l  cases given i n  Table 1. 

These data were used to  def ine four 

The conditions can be described as follows: 

CONDITION 1 - This Is a "middle-of-the-road" f i r s t  case. From the 

NASA data ,  the s t i b i l i t y  and control  der iva t ives  were approximated as 

l inea r  functions i n  the a range from 0 t o  20 degreee, so a - 10 

degrees and a reasonably low value of promised to  be the m e t  

acceptable place to  build and check the simulation. In addi t ion,  the 

avai lable  moments of i n e r t i a  were e x p l i c i t l y  given only for t h i s  weight 

d i s t r i b u t i o n  of fue l  load (See Appendix B). 

CL 
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CONDITION 2 - The weight was Increased t o  include f u l l  Internal 

fue l ,  four radar missiles, f u l l  gun m u n i t i o n ,  a d  one ex te rna l ly  

mounted cen te r l ine  tank, minus fue l  necessary f o r  engine start and run- 

up, 15 minutes of deck operations or taxi t i m e ,  and an acceleration t o  

79 m/s (154 KTAS). 

f i e l d  takeoff speed fo r  a midrange center  of g rav i ty  (26 percent MAC). 

It also approximates a ca t apu l t  takeoff "end airspeed," which is the  

airspeed a t t a ined  by the a i r c r a f t  at the end of the ca t apu l t  power 

stroke. Note tha t  the th rus t  value given In Table 1 is fo r  steady-state 

f l i g h t  and is not representa t ive  of takeoff t h rus t .  The inertiae f o r  

t h i s  and the following conditions were ca lcu la ted  in accordance with the 

discussion of Appendix B. 

This speed is e ight  h o t s  above the recommended 

CONDITION 3 - For the s a m e  e i g h t  and moments of inertia as Con- 

d i t i o n  2, the i n i t i a l  speed was set a t  f i v e  knots below the computed 

takeoff speed. This represents the l o s s  of airspeed normally encounter- 

ed during a s ing le  engine f a i l u r e  while taking off at high gross 

weights, i f  cor rec t ive  ac t ion  is not prompt and cor rec t .  It a l s o  rep- 

r e sen t s  a common operating point for  such an a i r c r a f t  when involved i n  

the primary mission of a i r - to-a i r  combat, where a single engine f a i l u r e  

a t  r e l a t i v e l y  high a and low dynamic pressure can cause loss of direc- 

t i o n a l  cont ro l  and subsequent sp in  entry.  

CONDITION 4 - For the same a as Condition 3, but at a reduced 

weight representa t ive  of a landing approach condition, Condition 4 s i m -  

u l a t e s  a s ing le  engine f a i l u r e  during a waveofflgo-around maneuver. 
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CHAPTER I11 

STATIC CONTRCL 

In order to analytically determine control deflection requirements 

for a single engine failure without resorting to analog or digital com- 

putation, the nonlinear Equations (2-2), (2-4), and (2-6) must be 

linearized. 

which can be used to direct the research effort, or t o  verify the 

computer solutions obtained from the nonlinear equations. 

linearized, steady-state equations for the lateral mo2ion were used. 

These equations were obtained from the general equations by incorporat- 

ing two assumptions: 

perturbations from a reference condition of symmetric steady flight 

with no angular velocities; and (2) since the perturbations are assumed 

small, the products of perturbations can be neglected. 

If this is done, it is possible to quickly obtain solutions 

The 

(1) the aircraft motion is restricted to small 

The form of the linearized equations defining steady sideslip 

is : 

-F, -mg COS 8 $ 

11 
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A 
-2 = c B + ca 6r + Cag 6 a 
Qb a, 

'r a 

(3-2) 

Since t h e  t h r u s t  vector  l ies in rhe X-Y plane of t h e  a i r c r a f t  

and was not vectored i n  the  p i t c h  plane, % 
asymmetric and non-vectored F = 0 ,  because t h e  .m-vectored t h r u s t  

l i n e  is assumed p a r a l l e l  to  t h e  X axis.  For Equations (3-1) through 

(3-31, a l l  the  parameters except +, R ,  

trimmed i n i t i a l  f l i g h t  condition. 

= 0. When t h e  t h r u s t  is 
P 

*P 

and 6 are known f o r  each 'r 9 a 

The APCS was designed t o  use bank angle  and rudder and a i l e r o n  

de f l ec t ion  t o  achieve B = 0 .  Equations (3-1),  (3-2), and (3-3) 

can be rewri t ten t o  -epresent t h i s  condition, which leaves t h r e e l i n e a r l y  

independent equations i n  th ree  unknowns (0, dr ,  6a) t o  be solved 

simultaneously. These equations can be w r i t t e n  i n  a state-space equation 

of the  form y = 

-FY 
P 
P 

Y '  i -  0 

Ax, - where 
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-1 Then 5 = A y. 

Calculations with an engine out for both the nm-vectored case and the 

case when the remajning thrust is vectored 5.7 degrees (through the 

aircraft center of gravity) resulted in control deflections as shown 

in Table 2. 

The calculations indicate that vectoring the thrust will eliminate 

the requirement for rudder and aileron deflections, and also reduce the 

required bank angle slightly. 

deflection is hardly significant, since the greatest deflection required 

for the w c t o r e d  case is still less than 1 degree, the elimination of 

13.5 degrees of rudder deflection is a significant achievement 

(maximum rudder deflection possible is 30 degrees). 

Although the elimination of aileron 



CHAPTER I V  

DYNAMIC CONTROL 

Once the bas i c  a i r c r a f t  simulator had been b u i l t  and the fundamen- 

tal modes of longi tudinal  an1 lateral motion ve r i f i ed ,  i t  then became 

necessary t o  cont ro l  t he  dynamic motion of t h e  a i r c r a f t .  

to  th rus t  a s w t r y  without an ac t ive  con t ro l l e r ,  t he  a i r c r a f t  

path would quickly diverge from the  i n i t i a l  trimmed state, and che 

a i r c r a f t  would "crash." I n  order  t o  cont ro l  s ides l ip ,  bank angle,  and 

a l l  o ther  parameters of i n t e r e s t ,  i t  w a s  necessary t o  provide control ,  

e i t h e r  by having a p i l o t  manually supply cont ro l  inputs  through an an- 

a log cockpit  connected t o  the  simulator,  o r  by programming an automatic 

con t ro l l e r  t o  perform the same tasks.  For t h i s  ea r ly  s t a g e  of t he  s i m -  

u l a to r ' s  maturity,  the automatic con t ro l l e r  was chosen i n  o rde r  t o  by- 

pass the addi t iona l  engineering a cockpit  would have required,  and i n  

order  t o  remove the v a r i a b i l i t y  of human response. A block diagram of 

the automatic con t ro l l e r  is given as Figure 3. The automatic control-  

ler is labeled "AFCS" (Automatic F l igh t  Control System), and incorpor- 

Ltes a S t a b i l i t y  Augmentation System (SAS) with inner loops t o  augment 

bas ic  a i r c r a f t  s t a b i l i t y  and control ,  and an Autopilot with ou te r  loops 

f o r  f l i g h t  path control .  

Dutch r o i l  damping, r o l l  rate damping, and s i d e s l i p  cont ro l ,  while athe 

Autopilot provides a l t i t u d e  hold, heading cont ro l ,  and wing level ing.  

I f  subjected 

f l i g h t  

As shown, the  SAS provides phugold damping, 

As explained i n  Appendix C, the Pacer 100 Dig i t a l  Processor was 

14 
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used t o  accomplish the SAS and Autopilot functions,  as well ae t o  pro- 

vide the addi t iona l  function8 of engine dynamics cont ro l  and Thrust Vec- 

t o r  Control (TVC) shown i n  the "Thrust modes" block of Figure 3. 

Since the  TVC mode is of primary importance f o r  t h i s  repor t ,  an in- 

troductory discussion is i n  order. 

I f  th rus t  is t o  be vectored, there  are two fundamentally d i f f e r e n t  

types of control tha t  can be used. The f i r s t  is a f u l l y  ac t ive ,  closed- 

loop con t ro l l e r  t ha t  can be used t o  provide or  augment d i r ec t iona l  s t a b  

i l i t y ,  as outli.ied i n  Reference 4. That report  employed a non-specific 

two-dimensional TVC nozzle, which ie a typ ica l  approach for a f u l l y  ac- 

t i v e  system. The second type is an open-loop con t ro l l e r  t ha t  is not 

used unless ac t iva ted  by the p i l o t  o r  another cont ro l  system i n  response 

t o  an engine out .  

vane system tha t  is ex terna l  t o  the exhaust j e t ,  and which does not ia- 

t e r f e r e  with the exhaust jet during normal twin engine operations.  

Research is curren t ly  being conducted i n  t h i s  area (Ref. 7).  and one 

possible  scheme employs two vanes def lected simultaneously and equally 

when ac t iva ted  ( see  Figure 4 ) .  

fail.ed, th rus t  from the remaining engine would be vectored through the 

aircraft  r-8. Also, in case of inadvertent ac t iva t ion ,  the net r e s u l t  

would o n l y  be a small percentage loss of longi tudinal  t h rus t  component 

( 0 . 5  percent for  a th rus t  vector angle of 5.7 degrees, not including any 

ef f ic iency  losses) .  This s t d y  used an open-loop con t ro l l e r  to dr ive  an 

ex terna l  vane system, because of the R i m p l i c i t y  and inherent sa fe ty .  

The Thrust Vector Control ler  was incorporated in  the eimulation 

An open-loop con t ro l l e r  can make use of a simpler 

I n  t h i s  way, no matter which engine 
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as shown i n  Figure 3. Three decis ions were made f o r  each d i g i t a l  

6' Tb .oe 

were open-loop decisions; i.e., independent of MCS inputs  or outputs  

going from the  AFCS t o  the "Thrust mode" controll,,.:.:. 
Tcommand 

o r  of the parameters generated by t h e  a i r c r a f t  simulation. Them de- 

c i s ions  were made by the  person operat ing the  simulation, .gh three 

switches located on the  Dig i t a l  Processor console, and show ,,irematic- 

a l l y  i n  Figure 3. The experimenter could select var ious combinations 

of t h e  th rus t  modes shown. One switch, when ac t iva ted ,  set the  r i g h t  

engine th rus t  equal t o  zero. 

o r  else bypassed It i n  order  t o  keep the t h r u s t  conventionally non- 

A second switch e i t h e r  ac t iva ted  TVC log ic ,  

vectored. A t h i r d  switch cont ro l led  se l ec t ion  of the  t h r u s t  .omand 

double," which w i l l  be explained l a t e r .  If the  experimenter ac t iva t ed  

TVC log ic ,  the computer required three add i t iona l  pieces  of information: 

(1) The dectfred reac t ion  delay time, from the  moment of s i n g l e  engine 

Failure u n t i l  the vanes begin t o  de f l ec t ;  (2) the  ac tua t ion  In t e rva l ,  or 

t i m e  t h a t  i t  takes the vanes t o  f u l l y  d e f l e c t  t he  rhrus t  vector  once the  

vanes begin t o  move; and (3) t h e  desired th rus t  vector  angle ,  6v, which 

w i l l  vector  the th rus t  through t h e  a i r c r a f t  cg. This angle  can be cal- 

culated from the  a i r c r a f t  geometry a s  shown i n  Figure 4. 

This repor t  does not address the e f f ic iency  of i 2 vanes i n  turn- 

ing the th rus t  vector. Based on r e s u l t s  reported i n  Reference 7, i t  is 

assumed t h a t  a th rus t  vector  angle of 5.7 degrees f o r  t h i s  a i r c r a f t  can 

be achieved with vane def lec t ion  angles less than 10 degrees. 

A t  t h i s  point ,  s ince  a known constant 6 is assumed, t he  parameiers 
V 

involved I n  inves t iga t ing  the engine o u t  c a m  are five-fold: 
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(1) Which f l i g h t  condition introdrced i n  Chapter 111 iz being consider- 

ed; 

(2 )  Whether or not the remaining th rus t  w i l l  be vectored i n  response t o  

an eagine out; 

(3)  I f  vectored, the reaction delay time used, as well as 

(4) The ac tua t ion  interval used, and 

(5 )  Whether or not the th rus t  command double was used. 

After obtaining baseline data runs for each of the four f l i g h t  COG- 

d i t i o n s  without t h rus t  vectoring, the TVC was used on all remaining 

runs. Reaction delay times used were two and four seconds, s ince  only 

one second is an u n r e a l i s t i c a l l y  short  time fo r  a p i l o t  t o  i den t i fy  ,la 

engine out condition and a c t i v a t e  a cont ro l  system. Actuation i n t e r v a l  

times used were one and two seconds, cl'nce four or more seconds t o  umve 

a vane 10 degrees or l ea s  is uncha rac t e r i s t i ca l ly  Slow. Each combina- 

t i o n  mentioned ab. was run both with and withour ,he thrus t  command 

double. 

The reason fo r  the thrust  command double is as folic-a: I f  only 

the a l t i t u d e  e r r o r  and phugoid dampfag requirements are .sed to generate 

a t h rus t  command, the thrus t  response is too slow, and excessive a l t i -  

tude is l o s t  when an engine is cut. Therefore, a mode was added which, 

when se lec ted ,  doubled the nmmanded th rus t  of the remaining e e i n e  as 

soon as the reac t ion  delay time expired. This commanded t h r u s t  was 

st:i' -?ct t o  the engine dynamic limitatfol:s, but i t  quickly increae- 

ed tu*rr& from the s ing le  engine i n  order to  equal the i n i t i a l  value of 

t o t a l  t h rus t  from both engines. This type of response is c lose ly  akin 
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to a normal p i l o t ' s  reaction to an engine out case, h e n  a l l  t h r o t t l e s  

are iaunedlatzip advanced to f u l l  power, before identlfylngg which eoglna 

€ailed. 

?or the f i v e  parameters mentioned, there am a total of four 

basel ine nom ectored caees LO con8ider, and 32 vectored cases, fo r  a 

total of 36. These test caaeta ace denoted by an "X" in Table 3, the 

test mstrix. 

The r e r u l t e  w i l l  be yteeented in Chapter V by f i r e t  examining the 

b e e l i n e  non-vectored caoes €or each of the four f l i g h t  conditioncl, and 

then i n v e s t i g a t i m  the eEfect of parameter var ia t ions.  Uee of the com- 

mand double is investlgated f i rs t ,  followed by a systematic va r i a t ion  of 

aituatlon tn t e rva l  and reectlon delay timer. 



CHAPTER V 

RESULTS ANI) DISCUSSION 

Figures 7 through 14 show the  time histories f o r  the basel ine mn- 

vectored cases of t he  four chosen f l i g h t  conditions. The t r a n s i e n t  peak 

values and steady-state values are summarized i n  Table 4(a), and the  

steady-state values of 0, 6,s and 6, agree well with the  calculated 

values i n  Table 2. Conditions 3 and 4 have the largest peak and eteady- 

state values, and, except f o r  a l t i t u d e  perturbations ( b e ) ,  the steady- 

state values of i n t e r e s t  f o r  Conditions 3 and 4 are equal, and peak val- 

ues are very similar. This was a l s o  true f o r  the t h r u s t  vectored cases. 

Steady-state values of 0, 8, 6 r s  and 6a fo r  the th rus t  vectored 

cases a r e  shown i n  Table 4(b) ,  and a l s o  agree well with the  calculated 

value&. i n  Table 2. 

The m l y  f igures  for  vectored th rus t  t ha t  are included Ln t h i s  re- 

pcr t  are f o r  Condition 3, i n  order t> avoid dupl icat ion of Condition 4, 

and i n  order to represent the  worst ove ra l l  condition t o  have to con- 

trol. Also, Condition 3 f igu res  are restricted to  the case fo r  the 

sho r t e s t  vectored response time (2  sec react ion delay11 sec ac tua t ion  

in t e rva l )  and the cam f o r  tM longest v e c t o r 4  response time ( 4  sec 

react ion delay12 sec actuat ion in t e rva l )  

dundant. 

Ikitermediate cases were re- 

Since the peak t r ans i en t  values of lateral  var iables  fo r  Condition 

4 are s l i g h t l y  greater  than fo r  Condition 3, with steady-state values 

19 
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being equal, the problem of providing lateral  mode s t a b i l i t y  and cont ro l  

is j u s t  aa grea t  a t  the reduced weight and speed representing a landing 

approach (Condition 4) as f o r  the higher gross weights associated wlth a 

takeoff (Condition 3). Of course, the descent rates and a l t i t u d e  losses 

are not as grea t  for the  reduced weight condi t ion,  but any given propul- 

s ive  yawing moment can produce higher values of p and r i n  the con- 

d i t i on  with the lower weight and moments of inertia. 

As explained on page 17 of Chapter IV, it was necessary to use the  

th rus t  command double t o  prevent unacceptable a l t i t a d e  losses  ia a l l  the 

f l i g h t  conditions.  Examination of Condition 3 (which has the highest  

combination of w i g h t  and a) emphasizes t h i s  necessity: Figure 11 ehows 

an a l t i t u d e  per turbat ion of 450 m (1476 f t )  fo r  the basel ine non- 

vectored case of Condition 3, which does not use the th rus t  command 

double. I n  f a c t ,  the maximum avai lab le  th rus t  of the remaining s i n g l e  

engine at  mi l i ta ry  power [67,500 N (15,175 l b ) ]  is j u s t  adequate to can- 

c e l  the descent rate incurred from the s ingle  engine f a i l u r e ,  ard the  

simulated a i r c r a f t  maintains l eve l  f l i g h t  400 m (1312 f t )  below the 

i n i t i a l  a l t i t u d e ,  because there  i b  no excess th rus t  t o  regain the al t i-  

tude l o s t .  When the thrus t  command double is used with Condition 3, as 

shown i n  Figure 17, the a l t i t u d e  per turbat ion is only 50 m (164 f t ) .  

The quicker engine response is important i n  providing safe ty  margins and 

p i lo t  acceptance, and should be incorporated in  any inves t iga t ion  of the  

longi tudinal  or lateral  var iables .  Use of the command double caused 

grea te r  per turbat ions in  the lateral  var iab les ,  which can be seen by ex- 

amining Figure6 16, 18, 23, and 22 ( t h e  data  are summarized in  Table 5 ) .  
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This increase aversged 10 percent fo r  the -rat case of the study, but 

t h i s  is acceptable i n  l i g h t  of the a l t i t u d e  conaideratione. 

Although we of thrus t  vector cont ro l  can ellainate the med fo r  

lateral eteady-state aerodynamic cont ro l  def lec t ions ,  it io  important to  

also consider the e f f e c t s  of WC on longi tudinal  performance. Am men- 

tioned on p.8a 14 of Chapter I V ,  5.7 degrees of v e c t o r i m  d o u  decreaae 

the longitudinal th rus t  component by 0.5 percent. Camparison of ?igurea 

11, 15, and 19 ( f o r  which the appropriate  var iab les  are suPaP.rimd i n  

Table 6) shows tha t  t h i s  decrease is more than o f f se t  by benefios de- 

rived from thrus t  vectoring: (a) Eliminating the lateral s teady-state  

aerodynamic cont ro l  def lec t  ions reduces the aircraf t drag by approx- 

imate ly  1.4 percent; and (b)  The  maximum bank angle is reduced from 30 

degrees to  14.5 degreee, and comparison of Figures 12 and 16 shows t ha t  

the area under the curve fo r  bank angle is approximately one-fifth as 

grea t  as for the non-vectored case. This t r a n s l a t e s  i n t o  amre e f fec t ive  

l i f t  and less a l t i t u d e  l o s t  as a r e su l t  of b n k  excursiona. 

Therefore, the net result uf TVC on lvngi tudinal  var iab les  for  t h i s  

a i r c r a f t  is EO enhance performance. An equivalent 1.4 percmt  l o s s  in  

longi tudinal  th rus t  compor.ent occurs for s th rus t  vector q l e  of 9.6 

degrees, implying tha t  vector angles less than tha t  o f f e r  po ten t i a l  f o r  

improving longi tudinal  performance. 

F ina l ly ,  the e f f e c t  of la rger  react ion delay and actuat ion i n t e r v a l  

times is t o  increase the peak values of t h e  lateral  var iablee while de- 

grading longi tudinr l  performance. This etatement can be generalized t o  

include a l l  four f l i g h t  conditions.  Of note here is tha t  the 6, for  
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Conditions 3 and 4 reaches the physical l i m i t  of 20 degrees def lect ion 

for both the non-vectored case, and the vectored case with a 4 second 

reaction delay. 

non-vectored case and 3.5 seconds in  the vectored case. 

reaction delay of 2 seconds with the TVC, control. u ~ r f t c e  saturation i e  

t o t a l l y  avoided. 

5, le baturated for spprOXlm6tely 16 seconds in the 

By usiag 8 



CHAPTER V I  

CONCLUDING REMARKS 

The purpose of t h i s  repor t  was to inves t iga te  the use of l a t e r a l l y  

vectored th rus t  to counter the adverse e f f e c t s  of t h rus t  asymmetry in  a 

twin engine tactical  jet, for  the case of s ing le  engine f a i l u r e  while 

operating a t  r e l a t ive ly  low airspeeds and L/D ratios typ ica l ly  encoun- 

tered i n  landings, takeoffs ,  and air  combat maneuvering. There were 

several  r e s u l t s  of the research e f f o r t :  (1) The l inear ized ,  steady- 

s ta te ,  lateral  equations of motion (used to ana ly t i ca l ly  determine the 

cont ro l  def lec t ions  required for the engine out case) c lose ly  predicted 

the r e s u l t s  provided by f l i g h t  simulation; ( 2 )  The non-linear, six 

degree-of-freedom simulator tha t  was b u i l t  on a hybrid computer accu- 

ra te ly  represents  the modeled a i rcraf t  for values of a from 0 t o  20 de- 

grees (based on comparisons of the s imulator 's  fundamental modes of lon- 

g i tud ina l  and lateral  motion with known values f o r  the da ta  used), and 

it w i l l  provide a f l ex ib l e  too l  for  fur ther  s tud ies  nf vector ing the 

th rus t  la teral ly ,  ve r t i ca l ly ,  or in  combination. The simulator has the  

poten t ia l  t o  include a piloted cockpit ,  and t o  operate  at greatly in- 

creased values of a; ( 3 )  For the f l i g h t  conditions and a i r c r a f t  geom- 

e t ry  invest igated,  la teral ly  vectoring the th rus t  5.7 degrees, within 

three seconds of engine f a i lu re ,  required peak rudder def lec t ions  lees 

than half  tha t  needed when thrus t  was not vectored, and reduced steady- 

s t a t e  de f l ec t ion  from 13.5 degrees t o  zero. Thrust vectoring s imi l a r ly  

23 
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reduced maximum bank angles and heading e r r o r s  by less than ha l f ,  while 

preventing sa tura t ion  in  a i le ron  def lect ion.  

From these r e su l t s ,  several  conclusions can be drawn for  the case 

of s ing le  engine f a i l u r e  in the  a i r c r a f t  studied: 

(1) Lateral th rus t  vectoring can provide s ign i f i can t ly  decreased peak 

values of rudder and a i l e ron  def lect ion,  heading error, bank angle, and 

yaw rate. It can eliminate the requirement fo r  s ign i f i can t  steady-state 

rudder def lect ion.  

( 2 )  Por r e l a t i v e l y  small thrust  vector angles, the decrease i n  the loa- 

g i tud ina l  t h rus t  component caused by the  change i n  the th rus t  d i r ec t ion  

can be o f f s e t  by improved aerodynamic e f f ic iency  of the a i rp lane  because 

the aerodynamic controls  re turn to  t h e i r  neu t r a l  posi t ions.  This  as- 

sumes tha t  the th rus t  vectoring device is per fec t ly  e f f i c i e n t  in chang- 

ing the thrus t  d i rec t ion .  

(3) 

u n t i l  the th rus t  begins to  be vectored) is an important parameter which 

idea l ly  is zero (no delay). I f  the react ion delay is too long, lateral 

aerodynamic control  sa tura t ion  may be encountered, even though the vec- 

tor ing w i l l  eventually reduce steady-state def lec t ion  requirements t o  

zero i f  the a i r c r a f t  does not go out of control .  

(4) Single engine f a i l u r e  during the r e l a t i v e l y  low weight landing ap- 

proach f l i g h t  condition can present lateral s t a b i l i t y  and cont ro l  pro& 

lems equal t o  or worse than those encountered during takeoff at higher 

weight s . 

The react ion delay time (from the moment of s ing le  engine f a i l u r e  

Based on the r eeo l t s  and conclusions, l a t e r a l l y  vectored thrus t  
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appears to offer a 

ability to augment 

number of additional potectial advantages: (a) The 

directional stability through a closed-loop, active 

controller, thereby decreasing vertical stabilizer sire, which offers 

weight savings and reduced drag; (b) The ability to generate anti-apin 

moments, thereby lessening the potential for aircraft loss from aut-of- 

control flight; (c) The ability to generate side-force components with= 

out bank angles, which could improve an aircraft's capability to handle 

crosswinds during landing approaches to an airfield, and to malm lineup 

corrections during approaches to an aircraft carrier; and (d) Mainte- 

nance of controllability and directional stability at signif icantly in- 

creased a and lower dynamic pressure could play a large role in safely 

lowering operating speeds during terminal flight phases or air combat 

maneuvering, either one of which can enhance the effectiveness of a tac- 

tical jet aircraft. 
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APPENDIX A 

D- OF FORCE EQUATIONS 

From Newton’s Second Law of motion: 

In the wind axes: 

where from Reference6: 

= p cos a cos B + (q - i > s i ~  B + r sin a cos 8 
*W 

(A-5) 

Qw - -p cos a s in  B + (q - &>cos B - r s in  a s in  B 

(A-6) 

r = -p sin a + r cos a + 8 (A- 7 1 W 
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2 7  

cos $I cos e 
-sin 1c, cos $ 

+COS J, s i n  8 s i n +  

sin J, sin + 
+cos JI sin e cos+ 

cos 8 COS a 

-sin 0 cos a 

- s i n  a 

r"B 

(A-9) 

(A-10) 

sin 9 cos e 
cos rl, cos $ 

- o h  e 

cos e S h $  
+sin sin e sin$ 

-cos 9 sin $ 

+sin J, sin e cos $ 

coa e cos$ 

sin 8 

cos 0 

0 

(A-11) 

- 
COS B sina 

-sin 8 s lna  

cos a - 

(A-12) 

After appropriate substitutions: 

FX 
W i I- 

m 

FY 
0s i3 = p sin a - 1: cos a +- rnV 

(A-13) 

(A-14) 
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0 Fzu 
mV cos f3 a - -(? cos u + 1: s i n  a) tanB + q + 

where 

F~ - mg COS @(COS 8 COS 0 s i n  a - s i n  8 cos a )  
W 

+ mg s i n  6 cos 0 s in  Q + m(C, s l n  8 - Co cozl 6) 

+ cos 6 px cos (2 + F s in  a] 2 
I P  P 

(A-15) 

(A-16) 

Fy = mg s i n  LJ(sin 0 cos u - cos 0 COB Q s i n  u) 
W 

+ nrg cos LJ cos 0 s i n  Q + -(C, sin 8 + Cy Cos e) 

(A-I 7)  
P 

FZ = mg(cos 0 cos @ cos a + sin 0 s i n  (2) - qSC, 
W 

- FX s i n  u + F cos a 
P z 

P 
(A-18) 
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APPENDIX B 

CHARACTERISTICS OF AN ADVANCED FZGETER 

Aircraft physical characteristics and aerodynamic stability and 

control derivatives were obtained from WASA for a representative swept- 

wing, Mach 2 class twin engine fighter at one operating weight. 

physical characteristics are: 

The 

Ix 0 34,574 kg-m2 2 S = 56.48 m 

I 5 = 225,900 

= 253,540 

- 
c = 4.86 m 

b = 13.10 m 

m = 16,280 kg I= -013,558 

W = 159,652 N Rx = 7.0 m (longitudinal distance 

I2 

from exhaust nozzle eait 

plane to aircraft cg) 

= 0.7 m (lateral distance from 'ty 
center of exhaust nozzle to 

aircraft centerline) 

Basic aircraft weight without fuel is approximately 122,500 N 

(27,539 lb). 

Since moments of inertia are proportional to the mass involved, 

and proportional to the square of the radius arm involved, i t  waa 

aesumed that the relative diatribution of any fuel loads different 

from that originally given would be the same as the original distribu- 

tion, though the maes would differ. Scaling the moments of inertia 

29 
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to the relative masses chosen in Chapter I1 for thc ,our different 

t. conditons results in the moments of inertia €or each test condi- 

tion as shown in Table 1. 

The configuration was clean, with landing gear, flaps, and speed 

brakbs retracted. 

gear and €laps extended was not explicitly available, the clean 

configuration was retained for the study rather than having to make 

oerodrnamic oseumptions to extend the available wind tunnel data. 

Since aerodynamic data for the case of landing 

The crtability and control derivatives do not include variations 

due to speed effects since the given data were for a specific Mach 

number, and the speed ban4 involved is only 24.8 m/s (48.2 knots). 

The study is confined to thc. flight regime below stall a ,  where 

variations in derivatives ore essentially linear. 

simplifying approximations were made by writing the derivatives as 

linear functions of a .  

As a result, 

The equations used for the coefficients were: 

+ C  a + C L  be 
La 6e 

6 2 - c  BZ 
0 r y13 'D 

- C m a + C m  b e + ~ C m q  C 

9 e a 6 

(B-1) 
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3 1  

where ( a l l  valr-ea per radian): 

C 4.0158 f 0.06150 

a 
'6 

CL = 0.1 + 0.8881a 
r 

- 0.0115 - 0.0327a 

cg6 r 

0.058 - 0.1047a 

a " 6 

Cn - 0.165 - 0.525a 
tc 

Cn - -0.286a 
P - 0.00573 - 0.0274a 

"6 a 

A 1 1  other derivatives  are constant, with the following values: 

CL I 3.466 
a 

- 0.544 

'6 e 

(+, - 0.337 

CL 

Cm 9 -10.6 
Q - -0.91 

$0 

0.174 

$6 r 



c - -0.11'9 
1; 

t: - -0.272 
I' 

t: - -0.084 
"s 

r 

c - 0.015 C - 0.0175 
0 

u 



APPENDIX c 

DESCRIPTION OF EXPERIMENTAL FACILITIES 

The hybrid computer used in this study belongs to the NASA Langley 

Research Center's Aerospace ConLrols Research Laboratory. It is an 

Electronic Associates, Inc., (EAI) model, incorporating a Pacer 100 

Digital Processor with 32,000 sixteen-bit words of core memory, a 

691 Parallel Analog Processor, and a single fixed-head disc storage 

unit capable of storing 360,448 sixteen-bit words (Ref. 8). 

Pacer 100 memory cycle time is 1.0 microsecond, with a subtract or 

divide execution time requiring 2.0 or 6.6 microseconds, respectively. 

Peripheral Input/Output (I/c)) devices include: INPUT - Paper tape, 
cassette magnetic tape, cards, and interactive terminal; OUTPUT - Paper 
tape, cassette tape, line printer, interactive terminal, X-Y plotter, 

and eight-channel strip chart recorders. See Figure 5. The sixteen bit 

I / O  Bus allows communication with the Pacer 100 at over 555,000 wordsper 

second. -"he system uses a Real-Time Clock Unit, initialized from the 

1/0 BUS, to synchronize program operation between the Digital Processor 

.-nd Parallel Analog Processor. 

to program the nonlinear equations of motion for three of the six degrees 

of freedom (angular displacements), and the Pacer 100 Digital Processor 

was used to calculate the remaining three degrees of freedom (linear 

displacements) as well as to set the analog potentiometers that acted as 

coefficients for both the calibration checkout runs and the real-time 

The 

The Parallel Analog Processor was used 

33 
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data gatller,ag runs. 

implement engine dynamic characteristics, thrust vectoring logic, and 

AFCS logic fcr inner-loop stability augmentation and outer-loop auto- 

pilot functions. The simulation proceeded through the steps outlined 

below and shown in the simplified flow chart of Figure 6. 

aircraft physical characteristics and aerodynamic stability and control 

derivatives (obtained from NASA for a representative Mach 2 M n  w i n e  

fighter) were read into Digital Processor storage arrays from a punched 

paper tape. Test point parameters and initial condit5ons (ICs), which 

could be varied, were also read into storage arrays at the same time. 

Then, the Digital Processor used the appropriate array values to set the 

variable potentiometers of the 681 Patallel Analog Processor. 

Calibration checks were then accomplished for a known operating trim 

point. 

gram was loaded into the Digital Processor from punched cards, which 

simultaneously activated the analog hardware and the repetitive digital 

loop. Once the Parallel Analog Processor was activated from the initial 

conditions, it operated on the aircraft equations of motion dealing 

with angular displacements and angular rates, at a speed of 12 million 

Equivalent Operations Per Second, which is significantly faster than the 

Digital Processor's speed of 300,000 operations per second <based on 

the Gibson mix of fixed-point/floating point arithmetic and logic 

operations). 

a digital computer that would perform the same computations in the same 

In addition, the Digital Processor was used to 

First, 

If the calibration checks were passed, the main operating pro- 

Equivalent Operations Per Second represents the speed of 
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time and with the same accuracy (to three decimal places in this case) 

as the analog computer. 

At fixed time intervals dictated by the digital controlling pro- 

gram, selected variables from the analog side were sampled, converted 

to digital format, and input to the Digital Processor to be used in 

digital calculations. 

handle three jobs during program operations: 

program in terms of sampling analog channels at appropriate times, 

outputting digital signals to be converted to analog format at correct 

times, and ‘1 . aerodynamic coefficients; (2) process the linear 

displacement :.. -- t €om, which required analog inputs ; and (3) process 

the control law:. 

Laws subroutine: 

and time responses; modeling Thrust Vecmr Control (TVC) logic in tern 

of delay times and rate of vectoring; SAS calculations; and Autopilot 

calculations. Analog inputs were needed for the last two tasks. 

The digital Central Processor bit (CPU) had to 

9) direct the overall 

four basic tasks were accomplished in the Control 

modeling engine dynamics in terms of thrust limits 

Once the Control Laws  subroutine was completed and appropriate 

control inputs had been computed, these inputs were converted from 

digital format to analog where necessary, and then fed back to the 

digital or analog processor to form the closed loop system. 

channel analog strip chart recorders were used to graph the control 

deflections and longitudinal and lateral variables as functions of 

real operating time. 

Two eight- 

The digital CPU scneduled the three jobs mentioned previously by 

using a Priority Interrupt system that gave the Control Laws subroutine 
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the highest priority, and made the CPU available to process the control 

laws every 40 mllliseconds. 

the linear displacement equations, which occurred every 100 m s ,  and 

the r m n l n g  t i e  was left for overall program execution. 

prioritizing prevented a situation where the control lavs would be 

left with too little time to complete necessary calculations, which 

could lead to system stability problems. 

first priority, any saturation occurring ia that portion of the loop 

would stop the program and alert the cltperhenter to the problem. 

As functions were added to the Control Laws subroutine, an oscilloscope 

was used to check the t h e  being taken for the subrouthe calculatioas, 

to insure that limits were not being approached. 

Ccmtrol Laws subroutine required approximately 10 nillieeconds for 

completion. 

Second priority vas given to processing 

This 

With the control laus @vea 

fa its final form, the 
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TABLE 1. - CHARACTERISTICS AND PAUMETEU FOR EACH FLIGHT CONDITION TESTED 

Thrust, T, N (lb) 

Altitude, h, m 

Condition 1 

159 632(35 891) 

34 574 

225 900 

253 540 

-13 558 

10 

16 280 

.58 

13 

35 262(7 927) 

sea level 

87.27 (170) 

4 669 

Condition 2 

201 950(43 400) 

43 734 

285 750 

320 713 

-17 150 

15 

20 593 

.86 

e 27 

59 aSO(l3 462) 

sea level 

79.07 (154) 

3 833 

Condition 3 

201 950(45 400) 

43 734 

283 750 

320 713 

-17 150 

17.5 

20 593 

1 .oo 
e 35 

67 484(15 171) 

sea level 

72.41(1b3) 

3 214 

Condition 4 

150 350(33 800) 

32 560 

212 738 

238 768 

-12 768 

17.5 
w 15 332 0 

1.00 

.35 

50 241(11 295) 

sea level 

62.48( 12 1.5) 

2 393 



TABLE 2 - REQUIRED STEADY STATE CONTROL DEFLECTIONS FOR RIGHT ENGINE OUT AND 8 * 0 

Condition 1 Condition 2 Condition 3 Condition 4 

Unvectored Vectored Unvectored Vectored Unvectored Vectored Unvectored Vectored 

Sideslip, 6, deg 0 0 0 0 0 0 0 0 

Bank, 4, deg -1.4 -1.3 -1.9 -1.7 -2.2 -2.0 -2.2 -2.0 

br, deg 4.8 0 10.1 0 13.5 0 13.5 0 

deg -0.7 0 -0.9 0 -0.7 0 -0.7 0 



Vectored t h a t  

Reaction Actuation 
delay interval 

sec see 

40 

TABLE 3. TEST MAZRIX 

Condition 1 Coditiao 2 C d i t l o a  3 Condition 4 

Xb Ab Xb Xb 

2 1 X 

2 la X 

2 2 X 

2 2a X 

4 1 X 

4 la X 

. 4  2 X 

4 2a X 

'Iacludes thruet c m n d  double 

bfac~~dad ia tist of ?*rea 

Xb 

xb 
x 

X 

X 

X 

Xb 

Xb 



TABLE 4 .  - S M U T I O N  TIME HISTORY VALUES 

(a) Bask nowvectored flight conditions 

Condition 1 Condftion 2 Condition 3 Condition 4 

P e d  Strady-state Peak Steady-state Peak Steady-state Peak Steady-state 9g m w. - . 

62.48 2 G  81.27 79.07 72.41 

12 

-.007 

8.2  

220 

40 OOO 

.03 

2.6 

.02 

-1.1 

5.4 

-4.4 

4 .0  

10 

0 

0 

0 

35 262 

0 

-1.4 

0 

0 

4.8 

-0.6 

2.0 

18 

-.Ol 

14 

350 

67 500 

.085 

11.5 

.035 

-2.7 

11.1 

- 16 

17.5 

15 

0 

0 

0 

59 880 

0 

-1.89 

0 

0 

10.2 

-.6 

5.6 

20 

. 03 

22 

450 

67 SO0 

. l o 2  

-30 

.075 

-3.3 

14.4 

-20 

48.6 

17.5 

0 

0 

400 

67 484 

0 

-2.18 

0 

0 

13.5 

- .6  

5.6 

20 

.035 

21 

375 

58 000 

. l l 5  

-30 

.09 

-3.0 

16 

-20 

64.2 

17.5 

0 

0 

0 

50 241 

0 

-2.18 

0 

0 

13.5 

-. 6 

5.6 

0. 
c 



TABLE 4. - Concluded. 

(b) Vectored thrust steady-state values. 

Condition 1 Condition 2 Condition 3 Condition 4 

4, deg -1.29 -1.72 -1.95 -1.95 

6, deg 0 0 0 0 

dr, deg 0 .15 0 0 

6 deg 0 0 .2 .2  
a' 

0 
N 



TABU 5. - EFFECT OF COkMAND DOUBLE ON VECTORED TliaUST LATERAL VARIABLES 

Condition 3 Condition 3 Condition 3 Coadi t io?. 0”e 
0 %  

Eg 
z z  

2 sec reaction 2 sec reaction 4 sec reaction 4 mec reaction 
2 sec actuation 2 sec actuation = P  

Peak Steady-state Peak Steady-state Peak Steady-state Peak Stesdy-state r m  

1 sec actuation 1 sec actuation 
No conmand double Comrpand xble No canarand double Conrend double 

P, rad/s -0.132 0.0 -0.132 0.0 -0, 132 0.0 -0,132 0.0 

9 ,  deg 14.5 -2.9 14.5 -2.9 21.7 -2.9 23.6 -2.9 

r, rd/s .04 0 .04 0 .OS3 0 .06 0 

8,  deg -3.0 0 -3.0 0 -3.2 0 -3.2 0 

6 deg 6.6 0 6.6 0 7.2 0 7. a 0 r’ 
6a, deg -17.0 .2  -18.5 .2 -20 .2 -20 .2 

*, deg 8.6 2.9 8.6 2.9 15.7 2.9 17.5 2.9 

E. 
W 



TABLE 6. - EFFECT OF TRRUST VECTORlNG ON WNGITUDINAL VARIABLES 

Condition 3 Condition 3 Condition 3 

2 sec renctioa 4 sec reaction 
Non-vec tored 1 sec actuation 2 BBC actuation 

No c-d double #o c-nd double 

Variation in Q ,  m/s 

-a, k g  

-em deg 

Monierrpl2, d s  

Pcak/Steady-state Ax, a 

Steady-~tete T, 1yI 

64.5-80.0 

20 

64.0-73.5 

20 

65.0-75.5 

20 

-10.8 -10.2 -10.5 

22 

458/600 

67 484 

15 

3 70/ 350 

67 484 

17.75 

3751350 

67 484 



Figure 1. - Definition of Euler anglee. 



W 

Figure 2. - Definition of body axes, wntrol deflections, md response rrrriablaa. A r m  indtccru 
posftive directton. 
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(a) Right engine out w i t h  remafning thrust non-vectored. 

V 
6 

5 = tan1 - IlY 
V 

(b) Right engine out with remaining thrust vectored through cg. 

Figure 4. - A possible  la tera l  thrust vectoring method; 
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Figure 6 .  - Simulation flow chart. 
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Figure 6.  - Concluded. 
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Figure 7 .  - Condition 1 longitudinal varfablec for 
no thrust vectoring. 



5 4  

B 
L 

N a 

0 50 100 

t, sec 

Figure 7. - Concluded. 
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F5gure 8 .  - Condftfon 1 lateral  variables €or 
no thrust vectorfng. 
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Figure 8 .  - Concluded. 
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Figure 9 .  - Condition 2 longitudinal variables for 
no thrust vectoring. 
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Figure 10. - Concluded. 
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Figure 1 1 .  - Condition 3 longitudinal variable8 for 
no thrust vectoring. 
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Figure 11. - Concluded. 
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Figure 12. - Condition 3 lateral variables for 
no thrust vectoring. 
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Figure 11 - Condition 4 longitudinal variables for 
no thrust vectoring. 
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Figure 14. - Condition 4 lateral  variables for 
no thrust vectoring. 
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Figure 15. - e  Condition 3 longitudinal variables for 
2 sec reaction delay/l sec actuation interval 
without thrust command double. 
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without thrust command double. 
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Figure 17. - Condition 3 longitudinsl variables for 
2 sec reaction delay/l sec actuation iaterval 
with thrust coaDland double. 
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with thrust command double. 
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